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Abstract—Investing in data monitoring equipment will provide
help ensure that the PV array is operating as expected. The
systems can be designed to limit extensive downtime that would
result in lost revenue. New, higher resolution systems can also
be used to quantify performance using detailed characterization
techniques. The Pordis 140A system can extract current and
voltage (I-V) while the PV system remains connected to the grid.
The added visibility for plant owners, investors, and operators
is currently not well understood. Therefore, the present work
provides an overview of the I-V tracing system in comparison to
a typical, inverter data acquisition system for two systems located
in Albuquerque, New Mexico. The review includes a description
of basic energy yield calculations, degradation analysis, and
abnormal behavior diagnostics.

Index Terms—photovoltaic monitoring

I. INTRODUCTION

Solar photovoltaic (PV) monitoring systems have been a
valuable tool for owners, investors, installers, and operators
to verify that plants are operating as expected [1]. This
includes continuous, real-time monitoring and PV plant com-
missioning [2]. The design and installation of data monitoring
systems includes a site survey, definition of monitored data
and graphical interface, review of monitoring equipment power
requirements, and specifications of data communications cir-
cuits. The intent has been to create a systems that helps avoid
extensive downtime [3].

Typical PV systems have relied on maximum power point
data acquisition (DAQ) systems instead of more advanced high
resolution devices to monitor system health. The conventional
monitoring systems have been used to sense DC and AC cur-
rent, voltage, and maximum power. Where as, high resolution
monitoring systems, available on the market today, can provide
in situ current and voltage (I-V) curves. The high resolution
monitoring does require more upfront investment and as of yet
system owners have not jumped at the opportunity to install
more advanced systems. The advantages of the in situ I-V
curve tracing systems have not yet been clearly defined to
help justify the investment.

The present work compares the output from an inverter DAQ
system and an in situ string level I-V curve tracing device
connected to two systems in Albuquerque, New Mexico. The
evaluation of the typical and non-typical data monitoring
approaches considered the review of energy yield, degradation,
and characterization of abnormal performance. The system
yield and performance ratio have been a convenient, yet

elementary way to evaluate energy production of PV sys-
tems [4]. The analysis of degradation can be performed using
power only [5][6], but I-V curves are required to define the
specific degradation mechanism. The curves provide a detailed
representation of system performance that can be used to
quickly detect and diagnose abnormal system behavior. The
paper provides an overview of the methodology in Section [,
the results are described in Section [1II, and the final concluding
remarks are in Section [V

II. METHODOLOGY

Solar PV owners and operators, concerned with long-term
operations, monitor energy output, degradation, and abnormal
activity. The monitoring of these aspects have been performed
with conventional monitoring systems that track the maximum
power point (MPP) power, current, and voltage. New, more
expensive monitoring systems are now available and provide
higher resolution performance characterization. The advanced

Fig. 1. The solar photovoltaic array was located in Albuquerque, New Mexico.
It included two inverters that each supported four strings. The eight strings
were routed to a Pordis I-V curve tracing system prior to the combiner box.
The combined strings were monitored using the inverters data acquisition
system.

characterization of PV array sub-systems can now be mon-
itored using in situ I-V curve tracing devices. However, it
is not yet clear if the extra cost will improve the long-term
performance of the system. Detailed analysis of the integration
strategies and specific benefits should be explored to provide
a clear understanding. This paper provides a first step review
of the potential differences that is based on a basic overview
of the two monitoring approaches on a single PV power plant.
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A. Photovoltaic Solar Array

The comparative analysis of high resolution and typical
monitoring systems used two PV systems located in Albu-
querque, New Mexico (Figure [T). A single system was defined
by the number of inverters, and in this case 8 strings were
connected to two inverters. The first system was comprised
of four strings labeled as 1A, 1B, 2A, and 2B as shown
in Figure 2. The second system also had four strings that
were labeled as 3A, 3B, 4A, and 4B. Each of the strings
was comprised of 14 modules that had an Standard Test
Condition (STC) rated power output of 260 Watts for a total
of 3641 Watts and 3644 Watts total power ratting for the
first and second systems respectively. The two systems had
two different module manufactures and were connected to
their own inverters that were the same make and model. The
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Fig. 2. The eight strings of the two test arrays connected to the Pordis I-V
Characterization System and then to the combiner box before connecting to
the inverter. Strings 1A, 1B, 2A, and 2B were comprised of modules that
were different than 3A, 3B, 4A, and 4B strings.

available ports in the inverters required that the A and B strings
be combined prior to entering their respective inverters. The
combination of the A and B strings for the two systems meant
that the conventional monitoring system was not able to sense
current and voltage at the string level.

B. Conventional Monitoring

The conventional monitoring system used in the present
work was provided by the inverter manufacturer. The two

Fig. 3. The conventional monitoring system was performed by the off-the-
shelf inverter product called the Cluster Controller. The Cluster Controller
connected to each of the two inverters and aggregated each of the systems
data into a centralized location.

SMA inverters were connected to a Cluster Controller device

shown in Figure 3. The devices aggregated the data from
each of the inverters and provided a visual interface and a ftp
connection to collect performance data in xml or csv format.
The cluster controller provided time-series data in 5 minute
intervals. The data was accessed each day by the research
team and stored in the same database as the high resolution
monitoring data.

C. High Resolution Monitoring

The Porids 140A high resolution monitoring system (Fig-
ure @) was used to collect string level I-V curves at 30 minute
intervals for each string. The system was connected in-between
the PV modules and the combiner box as shown in Figure 2.
The 140A was designed as an in situ tracer, which means
that it may remain connected to the array at all times without
impacting normal operations. The I-V tracing process began
with the isolation of a string from the array, the string was
redirected to the load portion of the device, an I-V trace was
performed, and then the string was switched back into the ar-
ray. This process took about 100ms to complete. Additionally,

Fig. 4.

the switch circuitry did not trip the high-frequency arc fault
detection nor the ground fault detection of the inverter. The
results from each of the string I-V traces were stored in a
database located in the tracer system and were routed to the
central database for analysis.



D. Comparative Analysis

The present work compared the outputs of a typical mon-
itoring system provided by most inverter manufactures with
the Pordis high resolution monitoring system that periodically
performed I-V sweeps for each of the eight strings. The
comparison included a review of the:

1) calculated energy yield,
2) extent of the degradation analysis, and
3) identification of abnormal behavior for each approach.

The three componenbts are important for monitoring long-term
system health. The calculated energy yield can be computed
on a daily, monthly, and annual basis to provide a high
level evaluation of PV system performance. The degradation
analysis has been used to track the durability of the system and
confirm warranty concerns. And, abnormal behavior or fault
conditions can be identified using monitoring systems to avoid
tracker control issues, excessive hot spots, mismatch problems,
and other string level mishaps. There are many methods for
calculating degradation and this paper attempted to replicate
a common approach.

The present work removed the seasonal impacts from the
data to evaluate degradation by performing two types of con-
versions. The first approach, applied to the maximum power
point data, was the Power Performance Index (PPI) [7]. The
I-V curve data was converted to STC before it’s degradation
was evaluated. The PPI was used to normalize the data by
dividing the measured power (P,,cqsured) by the modeled
power (Poodeied) output. Poodeieq Was calculated using the
California Energy Commission (CEC) model. The CEC model
is based on the electrical representation of the PV module
defined by the single diode equivalent circuit [8]. The STC
conversion was performed using translation equations defined
by Anderson [9]:

I _ Imeas.,curve (1)
ste,curve (1 + QISC(Tm _ 25)(E/1000))
V;tc,curve _ Vmeas.,curve (2)

(1+ Bv,. (T — 25)(1 + 6In(E/1000)))

The variables in Equations [I] and 2 that calculate the STC
current and voltage are defined as:

e «j,, is the short circuit current temperature coefficient,
o By, is the open circuit temperature coefficient,

o T,, is the measured module temperature,

o E is the measured solar irradiance,

o ILieas.curve 1 the measured I-V curve current, and

e Vineas.curve 18 the measured I-V curve voltage.

III. RESULTS

The results for the comparative analysis review the energy
yield, degradation, and abnormal performance identification
for the two monitoring methodologies.

A. Energy Yield

The two approaches each measured the instantaneous max-
imum power. The conventional approach collected the maxi-
mum power that was discovered by the inverter controls algo-
rithm. In some cases, the inverter may not find the maximum
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Fig. 5. The MPP data acquisition system collected data at 5 minute intervals
and the I-V tracer performed sweeps every 30 minutes.

power point because of mismatch or bad seeking algorithm.
Whereas, the I-V tracing system discovered the theoretical
maximum based on the measured I-V curve. The results for
each approach over a two day period are shown in Figure 5.
The I-V curve data produced more scattered results compared
to the consistent 5 minute data collection provided by the MPP
data set. The scattered data collection of the I-V curve tracing
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Fig. 6. The daily energy was computed using the two approaches and the
MPP data acquisition system had smaller errors than the I-V tracing system.

system caused the accumulated energy to not be as accurate
as the MPP data set as shown Figure [ that plots the daily
energy for each approach. The cumulative error over the 10
day period plotted in Figure § was much higher for the I-
V curve data compared to the MPP data. The absolute error,
plotted in Figure [7, went over 25kWh for the I-V curve data
and did not reach above SkWh for the MPP data over the 10
day period.
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Fig. 7. The absolute cumulative error was just over 5 times higher for the
I-V curve data compared to the MPP data.

B. Degradation

The degradation of the eight strings was evaluated using
the data from the two monitoring systems. The typical ap-
proach, that used the MPP data, was only able to evaluate the
degradation of the combined strings as shown in Figure 8. It
was evident that the modules in strings 1A, 1B, 2A, and 2B
performed differently than the modules in strings 3A, 3B, 4A,
and 4B. Also, strings 3A-B began at a performance level that
was considerably lower than the expected model output. The
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Fig. 8. Power performance index for the combined strings over a 60 week
period showed that strings 3A-B and 4A-B degraded by about 10%. Strings
1A-B and 2A-B degradation was about 5%.

I -V tracing system, on the other hand, was able to evaluate
all of the strings and analyze numerous module characteristics.
For example, the I -V curve system was used to monitor short
circuit and open circuit voltage changes over time as shown
in Figure 9}, and [10.

The detailed analysis of the I -V curve data stepped be-
yond the MPP data set and provided a means to define the
mechanism for the string level degradation. For instance, the
data provided evidence that strings 3A and 3B were under
performing because both the voltage and current were low.
In this case, the reduction in power was not caused by extra
series resistance or a reduction in shunt resistance but instead

an overall drop in both voltage and current. This conclusion
was evident in the Fill Factor (FF) ratios plotted in Figures [1]]
- 13, where the current and voltage ratios were not low and
actual outperformed the other strings. The FF, defined by
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Fig. 9. Each of the strings calculated STC short circuit current decreased from
hour zero to about hour 3,200. The current then increased and showed signs
of leveling off around the rated current value. Strings 3A and 3B, however,
did not reach the rated value and leveled off at a value that was 3.5% below.

Equation [3, provides a general overview of the I-V curve
characteristics. The maximum power point current (I,,,;,) and
short circuit current (I,.) ratio provides a basic review of the
shunt resistance. And, maximum power point voltage (V)
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Fig. 10. The open circuit voltage at STC tended to drop from the beginning
of life until about hour 3,500. The voltage then increased to the rated value
and leveled off.

and open circuit voltage (V,.) ratio helps define the series
resistance. If the ratios were close to one, than the shunt and
series resistance may not be impacting performance. However,
if the ratios are low than the resistance components may be
impacting the modules power output.

(Lmp) (Vinp)
(Zse) (Voc)
Even though strings 4A and 4B were comprised of the

same make and model, and were connected to the same
inverter as 3A and 3B they tended to have a higher power

Fill Factor = 3)
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review of the shunt resistance over time.

output. However, each of the strings tended to have a similar
degradation rate between hour zero and 3,500. Strings 4A and
4B showed signs of shunt resistance issues that caused I,
to decrease at a higher rate compared to I,. as indicated by
reviewing the I;. (Figre [9) and I,,,/I,. ratio (Figure T1)) trends
together.

According to the MPP data degradation analysis strings 2A
and 2B did not degrade as significantly as the others. The
degradation plot, based on PPI, in Figure § did not capture the
full story. String 2B, which was absorbed into the MPP data
analysis because it was combined with 2A, showed signs of
shunt resistance degradation issues that caused that caused I,
to degrade at a faster rate than string 2A. The extra analysis
provided by the I-V curve data set led to a more detailed
review of system performance and characteristic changes over
time.

C. Abnormal Performance

Any abnormal sub-system performance was difficult to
identify using inverter level monitoring. For example, end of
the day shading caused by low sun angle and nearby fences
was not clear in the DC power as shown in the left side of
Figure [I4. However, the string level mismatch at that time of
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Fig. 14. The end of the day shading was difficult to notice in the maximum
power point data provided by the inverter. It was clear in the string level I-V
curves.

day was evident in the I-V curves as shown in the right side

resistance associated with the PV string.

maximum power to the product of Is. and V.

of Figure [I4. The mismatch condition was a result of shading
that was caused by a fence located to the south west of the
array.

Mismatch refers to the power losses of the PV string asso-
ciated with the interconnection of modules that have different
electrical properties or outputs. As a result of mismatch, a
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Fig. 15. Number of curves at every half hour of the day for each string where
mismatch was detected.

non-ideal I-V curve is generated that causes the maximum
power point operating point to decrease. The non-ideal [-V
curve will have one or more inflection points that could shift
the maximum power point to a lower voltage as shown on the
right plot in Figure [I4. The identification of mismatch could
provide operators with valuable information regarding the state
of the tracking system, extensive module damage caused by
hot spots, and other issues. The identification of the mismatch
behavior was performed and used to evaluate the health of the
system.

The detection algorithm, used in this work, identified po-
tential mismatch by evaluating where the derivative changed.
The results for three different I-V curves are highlighted
in Figures - [I8 The mismatch occurrences were then
accumulated and grouped by time of day over the course of
the monitoring process as shown in Figure [15] The largest
number of mismatch events occurred at the start and end of
the day. The strings most effected by mismatch where 1A,
2B, 3A, and 3B. Strings 3A and 3B, which were the worst
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caused by a mismatch condition was identified

by the detection algorithm. had occurred.

performing strings, had almost 1.5 times as many curves with
mismatch as the curves with minimal mismatch impacts (1B,
2A, 4A, and 4B) as shown in Figure [19.
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systems lifetime.
IV. CONCLUSION

The present work compared the outputs of conventional
monitoring (MPP data) with a high resolution (I-V curve data)
system. The MPP system was able to approximate energy
generation better, but the I-V curves provided a more detailed
review of degradation and abnormal conditions. The I-V curve
data allowed for the specific strings to be identified, and
through detailed analysis the distinct degradation mechanisms
could be defined. Abnormal performance was difficult to
disaggregate in the MPP data. The I-V curve data provided a
detailed characterization of the sub-system health that defined
shunt and series resistance, mismatch conditions, and other
issues. This paper provided a basic overview of the two
approaches and the next step is to perform a detailed analysis
that includes specific fault or degradation conditions, and
considers the investment opportunity. In order to justify the
extra cost of the I-V curve tracing device a detailed cost
analysis should be performed.
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